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This paper presents a H2-diesel fuel co-combustion study undertaken on a supercharged,
direct injection, diesel engine investigating the combustion characteristics and emissions
production at a range of engine loads (IMEP), EGR levels and intake air boosting conditions.
The utilisation of EGR and intake air boost with H2-diesel fuel co-combustion allows
simultaneous NOx and particulate emissions reduction at conditions closer to on-road
driving conditions.
The results showed that while H2 can be favourable in reducing CO2 and particulate
emissions, it causes an increase in NOx emissions when the intake energy contribution
from H2 is increased. A reduction in the number of fine and ultrafine particles (diameter
0.05e0.2 mm) was observed when H2 was added to the engine, especially at the low and
intermediate intake air boost levels. At high EGR levels (equivalent to 2% intake O2 con-
centration reduction) significant reductions in exhaust particulate mass of up to 75% were
observed at 15% energy from H2. An attempt was made to identify the optimum H2 oper-
ating window at the different engine loads, intake air boost and EGR levels.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).Introduction
Global demand for liquid fuels is projected to rise at a rapid
pace e almost 37% e by 2040 [1]; however, current and future
energy policies are increasingly aiming to reduce carbon
emissions from the transport sector. The combustion of fossil
fuels releases carbon, in the form of carbon dioxide (CO2), and
there is consensus that the rapid anthropogenic emission of
fossil bound carbon is resulting in global climate change. Co-
currently, there is growing awareness of the negative im-
pacts of toxic exhaust pollutants from internal combustion
engines, such as nitrogen oxides (NOx) and carbonaceous soot
or particulatematter (PM), on the health of urban populations.hattalibi@hotmail.com (M
r Ltd on behalf of Hydrogen EnThe co-combustion of diesel fuel with gaseous fuels such
as natural gas [2e5], biogas [6e12] and hydrogen [13e19] has
been carried out in the past to reduce exhaust pollutant
emissions. Natural gas is primarily composed of methane
which has a lower carbon-to-hydrogen ratio compared to
diesel fuel, and hence produces lower carbon emissions post
combustion [20]. Biogas is considered to be a carbon-neutral
fuel as it utilises carbon captured by plants during photosyn-
thesis [21]. Biofuels derived from agricultural biomass offer
the added advantage of reducing dependence on fossil liquid
fuels [22e24]. Rajesh Kumar et al. [24] conducted tests with
advanced biofuels and managed to achieve simultaneous
NOx-smoke reduction at certain operating conditions,. Talibi).
ergy Publications LLC. This is an open access article under the CC BY license
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Furthermore, gaseous fuels like natural gas and biogas have
lower flame propagation speeds compared to diesel fuel, and
therefore can result in reduced engine thermal efficiencies
[9,25]. Hydrogen (H2) has the potential to be an important
energy carrier for the future for sustainable provision of power
with reduced impact on the environment. H2 has no carbon
content and the co-combustion of H2 and diesel fuel can
potentially reduce levels of both exhaust gas CO2 and PM.
Hydrogen requires a very low amount of energy to ignite but
has high flame propagation rates within the engine cylinder in
comparison to hydrocarbon fuels, even at lean mixture con-
ditions [26]. Therefore, the displacement of fossil diesel fuel
with H2 is an attractive proposition for compliance with
emissions standards and reduction of harmful pollutants
from diesel engines.
Several studies have been conducted in the past on co-
combusting H2 with diesel fuel in naturally aspirated CI en-
gines [27e31]. While these investigations reported a decrease
in carbon emissions (as a result of direct displacement of fossil
diesel fuel by H2) a significant increase in NOx emissions was
observedwhen the combined temperatures resulting fromH2-
diesel fuel co-combustion exceeded the thermal NOx forma-
tion temperatures [27]. The increased levels of NOx emissions
were considered to be due to higher peak flame temperatures
of H2, as compared to diesel fuel, which increased in-cylinder
gas temperatures [14,28].
Exhaust gas recirculation (EGR) is a commonly employed
NOx reduction technique whereby exhaust gas is recirculated
into the inlet manifold to mix with fresh intake air before
entering the combustion chamber [32,33]. EGR reduces com-
bustion gas temperatures, and hence decreases NOx forma-
tion rates, either by diluting the fresh intake air (and
effectively reducing the intake O2 concentration) or due to an
increased proportion of higher specific heat capacity compo-
nents, such as CO2, in the intake charge. Various researchers
have successfully used EGR to minimize the high NOx emis-
sions produced as a consequence of H2 combustion in diesel
engines [17,34e36]. For example, Saravanan and Nagarajan.
[17] aspirated H2 in a single-cylinder, direct-injection diesel
engine and used 15% and 25% EGR for NOx reduction. The
authors observed an increase in brake thermal efficiency of
1.35% when co-combusting H2 and diesel fuel as compared to
neat diesel operation, which was attributed to H2 operating at
leaner equivalence ratios than diesel fuel. The efficiency fell
slightly (about 0.5%) with the introduction of EGR into the
engine, as a result of dilution of the intake charge [17]. As
expected, NOx emissions increased when diesel was increas-
ingly substitutedwith H2, and considerably reducedwhen EGR
was introduced e NOx emissions decreased by almost 21%
with 25% EGR. An almost 50% reduction in smoke was
observed with H2-diesel co-combustion, as compared to neat
diesel operation, primarily due to substitution of carbon by
hydrogen. However, an increase in smoke was reported with
EGR, attributable to the reduction in the proportion of oxygen
in the intake charge, and hence a decrease in carbon oxidation
rates [17]. The authors concluded that the use of H2 as a sec-
ondary fuel with diesel, combined with the use of EGR, can be
a viable exhaust NOx and PM emissions reduction strategy
[17]. Bose and Maji [34]also conducted H2-diesel dual fuel testson a Kirloskar single cylinder CI engine and reported obser-
vations of NOx, smoke and brake thermal efficiency very
similar to those of Saravanan and Nagarajan [17]. Miyamoto
et al. [35] attempted to reduce the trade-off between NOx and
smoke production in a diesel engine, operated with H2 as a
secondary fuel, by utilizing EGR for low temperature com-
bustion (LTC). The authors varied the diesel fuel injection
timing, volumetric proportion of H2 in the intake charge and
EGR rate and reported a specific set of engine operating con-
ditions (2 CAD BTDC diesel injection, 3.9% H2 v/v and 20% EGR)
when the NOx and smoke emissions were at acceptably low
levels, cyclic variationwasminimal and the indicated thermal
efficiency had been reduced by approximately 1% as
compared to neat diesel fuel, zero EGR operation [35]. Shin
et al. [36] utilized cooled EGR in order to control NOx emissions
in a H2 fuelled, common rail diesel engine in which a modified
inletmanifold allowed the temperature of the intake charge to
be maintained at 25 C. The authors reported a slight
improvement in brake thermal efficiency with increasing H2,
and significant reductions in NOx emissions (25%) were
observed at high EGR rates (31%). However, an increase in
exhaust emissions of unburned hydrocarbons and carbon
monoxide was also reported, attributable to the reduction in
intake O2 by both the aspirated H2 and EGR [36]. More recently,
Banerjee et al. [37] reviewed the synergy between hydrogen
and EGR as a potential pathway to reduce both carbon and
NOx emissions. The study [37] commented that the use of H2
allowed the prospect of applying heavy EGR to diesel engines
and has the potential to achieve a trade-off between NOx-PM-
BSFC, which would not be possible with conventional diesel
combustion.
While the use of EGR with H2-diesel co-combustion has
been shown to reduce exhaust NOx emissions, several studies
covered in the above literature survey, also demonstrate that
the displacement of intake O2 by both H2 and EGR causes an
increase in exhaust smoke, unburned hydrocarbons and soot
emissions. Intake air pressure boosting is an effective tech-
nique which allows a greater amount of O2 to be supplied to
the combustion chamber by increasing the density of the
intake charge, thereby enhancing themaximumpower output
from an engine [38e40]. Nagalingam et al. [41], Furuhama and
Fukuma [42] and Lynch [43] carried out some of the early in-
vestigations on boosted H2-fuelled engines. Nagalingam et al.
[41] reported NOx levels below 100 ppm when operating at a
supercharged intake pressure of 2.6 bar. More recently, Roy
et al. [44] investigated the combustion and emission charac-
teristics of a supercharged engine, fuelled by H2 and pilot
ignited by diesel fuel. The authors managed to attain almost
90% H2 energy substitution with the engine operating at a
brake thermal efficiency of 42% and almost zero smoke, CO
(5 ppm) and HC (15 ppm) exhaust emissions [44]. Charge
dilution was then performed by using N2 gas which lowered
NOx emissions to almost negligible levels, and also allowed a
higher amount of energy to be supplied from H2 without H2
autoignition prior to diesel pilot ignition [44].
The above work by Roy et al. [44] demonstrates that the
utilisation of intake air boosting along with EGR could be an
effective strategy in controlling exhaust emissions, particu-
larly NOx and smoke, in a H2 fuelled diesel engine, especially
when operating at high engine loads. However literature on
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effect of intake air boosting and EGR, in conjunction with H2-
diesel fuel co-combustion, on exhaust particulates. The cur-
rent study investigates the effects of increasing the percent-
age of energy supplied to the engine from H2 (while reducing
that from diesel fuel) on combustion characteristics and
emissions production at a range of engine loads (IMEP), EGR
levels and intake air boosting combinations. N2 gas was used
to dilute the intake charge and reduce the intake O2 concen-
tration in order to simulate EGR-like conditions inside the
combustion chamber. The work also focuses on the effect of
H2 concentration, EGR and intake air boosting on exhaust
particulate size and number distribution. The last part of the
paper attempts to find an optimum H2 operating window
based on the exhaust emission results.Experimental setup
The study described in this paper was carried out on a 4
stroke, water-cooled, common rail diesel engine, described in
detail in a previous publication [27]. A 2.0 litre, 4-cylinder Ford
Duratorq cylinder head was mounted on a Ricardo Hydra
crankcase to form a single-cylinder research engine. The en-
gine in-cylinder gas pressure was measured every 0.2 CAD
using the Kistler 6056A piezoelectric transducer, which was
being pegged every engine cycle to the inlet manifold pressure
at the piston BDC position. The in-cylinder pressure, along
with other pressure and temperature measurements were
logged in to PCs using National Instruments data acquisition
systems. A servo-hydraulic solenoid valve injector was used
for diesel fuel injection, with the fuel injection pressure, in-
jection timings and duration being controlled by the Emtronix
EC-GEN 500 system. H2 gas was supplied from a compressed
gas bottle, via a mass flow controller (Bronkhorst F-201AV-
70K, accuracy ±0.08 l/min) and fed into the engine inlet
manifold 350 mm upstream of the intake valves. EGR-like
conditions were simulated in the engine test rig byFig. 1 e Schematic of the test facility including the suaspirating N2 gas with the intake air to reduce the O2 con-
centration entering the engine cylinder. The flow of N2 into
the intake manifold was also controlled using a Bronkhorst
mass flow controller (F-202AV-70K), with an accuracy of
±0.15%.
Exhaust gas measurements of CO, CO2, THC, NOx and O2
concentrations were performed using a Horiba MEXA-
9100HEGR automotive gas analyser rack. The analyser rack
houses a non-dispersive infrared absorption analyser for CO
(±1 ppm) and CO2 (±0.01%) emissions, a chemiluminescence
analyser for NOx (±1 ppm) measurements, a flame ionization
detector for THC emissions (±10 ppm) and a magneto-
pneumatic analyser to measure oxygen (±0.1%) concentra-
tions. The exhaust particulate number and size distribution
were measured using the Cambustion DMS500 differential
mobility spectrometer. Exhaust gas sampleswere taken 30 cm
downstream of the exhaust valves and conveyed to the ana-
lysers via heated lines, which were maintained at 190 C and
80 C for the measurement of gaseous and particulate com-
positions respectively.
An intake air supercharger system was deployed on the
research engine to create test conditions thatmatch amodern
turbocharged engine, while allowing for independent control
of intake air pressure and temperature. The system contained
a rotary screw supercharger (Eaton M45), driven by an ABB
electric motor via a drive belt. The speed of the electric motor
was controlled by a thyristor system with a voltage of 0e10 V
adjusted by means of a potentiometer. A Bowman charge-air
cooler was mounted downstream of the supercharger to
control the temperature of air entering the intake manifold,
and a positive displacement volumetric air-flowmetre (Romet
G65), mounted upstream of the supercharger, was used to
determine the air flow rate. The level of intake air boosting
was determined by measuring the inlet manifold pressure,
using a Druck piezoresistive transducer installed 160 mm
upstream of the inlet valves. Fig. 1 shows a schematic of the
test facility, while Table 1 lists the geometrical specifications
and other particulars of the engine setup.percharger setup and exhaust analysis systems.
Table 1 e Engine specifications.
Bore 86 mm
Stroke 86 mm
Swept volume 499.56 cm3
Compression ratio (geometric) 18.3: 1
Maximum in-cylinder pressure 150 bar
Piston design Central u e bowl in piston
Fuel injection pump Delphi single-cam radial-piston
pump
High pressure common rail Delphi solenoid controlled, 1600 bar
max.
Diesel fuel injector Delphi DFI 1.3 6-hole solenoid valve
Electronic fuel injection system 1 ms duration control
Crank shaft encoder 1800 ppr, 0.2 CAD resolution
Oil and coolant temperature 80 ± 2.5 C
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For all the experiments conducted in this work, the engine
speed was fixed at 1200 rpm, and diesel fuel was injected at a
common rail pressure of 900 bar and at constant diesel fuel
injection of 6 CAD BTDC. The fuel injection timing of 6 CAD
BTDC was optimised for the diesel only tests. The diesel fuel
used was of fossil origin with zero fatty acid methyl ester
(FAME) content, cetane number of 53.2 and carbon to
hydrogen mass ratio of 6.32:1. Compressed H2 gas of purity
99.995% and compressed N2 gas of purity 99.5% were obtained
from a commercial gas supplier (BOC). All the tests were
repeated at a higher engine speed of 2200 rpm and similar
trends in combustion and exhaust emission characteristics
were obtained. In order to avoid repetition, these results have
not been included in this paper.
Table 2 shows the test conditions used for the combined
EGR and intake air boost tests. For each engine load (IMEP) the
amount of H2 and diesel fuel, supplied to maintain a constant
engine load, were varied to change the energy contribution of
H2 as a function of the total energy supplied to the engine. The
‘diesel only’ test pointswere repeated several times in order to
monitor engine drift and the following COV values of exhaustTable 2 e Test operating condition matrix showing
different intake air boost-engine load combinations at
various EGR ratios and engine speed 1200 rpm.
Intake air
boost
pressure
(bar)
Intake
temperature
(C)
Engine
load
(bar IMEP)
Indicated
engine
power
(kW)
% points
O2 reduction
(v/v)
1.33 30 8.5 4.25 Only H2 (no N2)
1
2
3
1.67 30 10 5.00 Only H2 (no N2)
1
2
3
1.99 30 11.5 5.75 Only H2 (no N2)
1
2
3emissions for diesel only repeat tests were obtained: COV
(CO2) e 0.0087; COV (THC) e 0.1357; COV (NOx) e 0.0122; COV
(TPM) e 0.0394. The measured volumetric flow rates of N2 gas
and intake air were used to calculate the amount of O2
reduction (v/v) in the intake air due to the aspirated N2 gas,
while the pressure transducer and thermocouple mounted in
the engine intake manifold monitored the intake boost pres-
sure and temperature, respectively. It should also be noted
here that when both H2 and N2 were being aspirated into the
engine, the flowrates of both gases were adjusted so as to keep
the reduction in intake O2 constant. For example, when the
percentage energy from H2 was increased (by increasing the
H2 flow rate), the flow rate of N2 was decreased, so as to keep
the intake O2 reduction constant. Table 2 also shows the
corresponding engine power output for each load (IMEP); in
each instance this corresponds to the half-litre single cylinder
engine used for all tests, and has not been scaled to represent
an equivalent two litre, four cylinder engine. Table 3 shows
the density and lower heating values of the diesel fuel and H2
gas utilised in these experiments [14]. Fig. 2 shows the energy
supplied to the single-cylinder research engine from H2 as a
function of the total energy supplied to the engine (energy
supplied from H2 plus the energy supplied from diesel fuel);
the corresponding H2 flow rates and the power content of H2
supplied to the engine are also shown in Fig. 2a and b,
respectively.
Some preliminary tests were conducted to determine the
combustion efficiency of H2 through measurement of un-
burned H2 levels in the exhaust. The level of H2 in the exhaust
was considered to be the H2 remaining unburned during
combustion, as diatomic hydrogen is unlikely to have formed
from diesel hydrogen content. The exhaust gas composition
was analysed for H2 at different engine loads using a gas
chromatograph system with a thermal conductivity detector
(GC-TCD), and measurements of the H2 exhaust levels at
varying loads corresponded to an average value of 10% of the
H2 supplied to the engine remaining unburned. This value is in
good agreement with previous measurements under similar
diesel fuel co-combustion operating conditions by Christo-
doulou & Megaritis [15]. In addition, a smaller amount of
aspirated H2 is expected to have been lost due to blow-by past
the piston rings during the compression and early combustion
stages.Results and discussion
Combustion characteristics
Fig. 3 shows the in-cylinder gas pressure and apparent net
heat release curves for two intake air boost-engine load
combinations, for 15% and 28% energy contribution fromH2 ofTable 3 e Densities and lower heating values of diesel
fuel and hydrogen at 1 atm and 300 K [8].
Property Diesel fuel Hydrogen
Density (kg/m3) 831.9 0.0838
Lower heating value (MJ/kg) 43.14 120
Fig. 2 e H2 flow rates (l/min) and (b) power content of H2 (kW) at constant engine loads and varying percentage energy from
H2.
Fig. 3 e (a) In-cylinder gas pressure and (b) apparent net
heat release rate curves at constant intake air pressure e
engine load combinations and varying % energy from H2 at
an intake O2 reduction level of 1%.
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gine. The in-cylinder pressure traces shown are an average of
250 consecutive engine cycles for that particular test point.
The in-cylinder pressure data was utilised to evaluate the net
apparent heat release rates and the indicated mean effective
pressure (IMEP), utilizing a one dimensional and single zone
thermodynamic model and assuming homogenous condi-
tions and ideal gas behaviour [38]. For all the heat release
curves shown in Fig. 3, the reduction in intake O2, by aspi-
rating N2 to simulate EGR-like conditions in the cylinder, is 1%.
For both the intake air boost-engine load conditions, it can be
observed that increasing the energy contribution from H2 in-
creases the peak heat release rates, but does not have asignificant effect on the duration of ignition delay. It is also
interesting to note that while for the 1.33 bar intake air pres-
sure the premixed combustion stage and diffusion burning
stage can be clearly distinguished, the 1.67 bar boost heat
release curves appear as one long premixed stage. This could
be due to the higher levels of turbulence created inside the
cylinder at the higher boost condition, leading to enhanced
fuel-air mixing rates. The differences in duration of ignition
delay and peak heat release rates are discussed in more detail
in the following paragraphs.
Fig. 4 shows the duration of ignition delay for three intake
air boost pressure-engine load combinations, at constant
percentage reductions in intake O2 and varying percentage
energy fromH2. The duration of ignition delay is defined as the
time in crank angle degrees (CAD) between the start of the
injection signal supplied to the diesel fuel injector (SOI) and
the start of combustion (SOC) as indicated by the first inci-
dence of positive heat release. Fig. 4 shows that an increase in
intake air pressure leads to a decrease in the duration of
ignition delay. This is likely to be the result of the increasing
O2 concentration accelerating the low temperature fuel
oxidation rate during the ignition delay period. Additionally,
higher intake air pressures result in higher effective
compression ratios which, due to an increase in in-cylinder
pressures and temperatures, also reduce the ignition delay.
It can also be seen from Fig. 4 that for each intake air pressure,
increasing the percentage reduction in intake O2 (that is,
decreasing the amount aspirated O2) increases the duration of
ignition delay. This could be attributed to the displacement of
intake air O2 with the aspirated N2, which reduces the pool of
reactive species available for combustion and thus the rates of
low temperature diesel fuel breakdown and oxidation re-
actions, thus delaying SOC. Fig. 4 also shows that the substi-
tution of diesel fuel with H2 has little or no effect on the
duration of ignition delay. However, it should be noted that
since the resolution of the engine crankshaft encoder is 0.2
CAD, any changes in the ignition delay duration within this
range can be a result of equipment variability and resolution
errors. While no significant change in ignition delay with
increasing H2was observed in this study, variations in ignition
delay in previous literature have been explained due to the
intake charge effective heat capacity and temperature,
chemical kinetic processes (especially those occurring pre-
diesel ignition) and oxygen concentration of the intake
charge [45,46].
Fig. 4 e Duration of ignition delay for three intake air boost-engine load combinations, at constant percentage reductions in
intake O2 and varying percentage energy from H2.
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(pHRR) for the three intake air boost pressure-engine load
combinations, at constant percentage reductions in intake O2
and varying percentage energy from H2. It can be seen from
Fig. 5 that an increase in the intake air pressure leads to a
reduction in the magnitude of pHRR. This can be attributed to
the shorter duration of ignition delay with increasing intake
air pressure (as can be observed in Fig. 4), leading to less sig-
nificant premixed burn stage and lower pHRRs. Fig. 5 also
shows that at 1.33 bar and 1.67 bar intake air pressures,
increasing the percentage reduction in intake O2 (that is,
decreasing the amount aspirated O2) results in an increase in
the magnitude of pHRR. This is due to an increase in the
duration of ignition delay, as observed in Fig. 4a and b, which
allows more time for the fuel and air to mix, resulting in a
greater amount of premixed diesel fuel-air mixture, of
appropriate stoichiometry, available to undergo combustion
at SOC. Similarly, Fig. 5a and b shows an increase in the pHRR
as the percentage energy from H2 is increased. This is ex-
pected, as H2 combusts in a premixed mode providing addi-
tional energy to that of the diesel fuel and, furthermore, H2
burns at higher adiabatic flame temperatures compared to
diesel fuel, leading to higher in-cylinder gas temperatures
during combustion. Increasing the amount of H2 being sup-
plied to the engine promotes premixed H2 combustion,
resulting in higher peak HRRs. For very lean H2-air mixtures,
the low pHRR could be due to the considerably low H2 flame
speeds inside the combustion chamber. However, Fig. 5c
shows no significant effect of either percentage O2 reduction
or H2 substitution (up to 30% energy from H2) on the magni-
tude of pHRR. This can likely be attributed to two factors:
firstly, the change in the duration of ignition delay due to
increasing EGR is relatively small, secondly, the air flow rate atintake air pressure of 1.99 bar is quite high (approx. 980 l/min),
whichmeans that even at the highest percentage energy input
from H2 of 41%, the H2 flow rate is relatively low (40 l/min)
resulting in a very lean H2-air mixture inside the combustion
chamber, and therefore lower flame temperatures during
combustion.
Exhaust gas emissions
Fig. 6 shows the specific exhaust gas emissions of carbon di-
oxide (CO2) for the three intake air boost pressure-engine load
combinations, at constant percentage reductions in intake O2
and varying percentage energy from H2. It can be seen from
Fig. 6 that at all the three intake air pressure-load combina-
tions, a decrease in the specific emissions of CO2 is observed
as diesel fuel is substituted by H2 (increase in percentage en-
ergy from H2). This is expected as carbon containing diesel
fuel is replaced by H2 which does not produce CO2 as a com-
bustion product.
Fig. 7 shows the specific exhaust gas emissions of un-
burned total hydrocarbons (THC) for the three intake air boost
pressure-engine load combinations, at constant percentage
reductions in intake O2 and varying percentage energy from
H2. It can be seen from Fig. 7 that at all the three intake air
boost pressure-engine load combinations, decreasing the
intake O2 concentration to 1% results in a decrease in THC
emissions, with any further decrease in intake O2 leading to
an increase in THC emissions. The initial decrease in THC
emissions may be due to an increase in the duration of igni-
tion delay (as was observed in Fig. 4), allowing more time for
diesel fuel and air to mix prior to SOC. Further reduction in
intake O2 concentration above 1% may severely affect the
availability of O2 for diesel fuel oxidation, prevailing over the
Fig. 5 e Peak heat release rates (J/deg) for three intake air boost-engine load combinations, at constant percentage
reductions in intake O2 and varying percentage energy from H2.
Fig. 6 e Specific emissions of carbon dioxide (CO2) for three intake air boost-engine load combinations, at constant
percentage reductions in intake O2 and varying percentage energy from H2.
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Fig. 7 e Specific emissions of unburned total hydrocarbons (THC) for three intake air boost-engine load combinations, at
constant percentage reductions in intake O2 and varying percentage energy from H2.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 6 3 6 9e6 3 8 36376influence of increased ignition delay on combustion phasing,
and lead to increased THC emissions. Fig. 7 does not show an
apparent effect of displacement of diesel fuel by H2 on THC
emissions. This might be because, at such relatively high en-
gine loads of 8.5 bar IMEP and above, a substantial quantity of
diesel fuel (diesel fuel flow ratez 18 ml/min) is being injected
in the combustion chamber and the displacement of some of
this diesel fuel by H2 is not sufficient to have a significant ef-
fect on unburned THC exhaust emissions.
Fig. 8 shows the specific exhaust gas emissions of oxides of
nitrogen (NOx) for the three intake air boost pressure-engine
load combinations, at constant percentage reductions in
intake O2 and varying percentage energy fromH2. The effect of
reducing intake O2 on exhaust NOx emissions is very apparent
from Fig. 8, for example, at 1.67 bar intake air pressure and 8%
energy from H2, a 67% decrease in NOx emissions is observed
when intake O2 level is reduced by 1%. This is expected, as the
aspirated N2 displaces the intake O2 which is required for fuel
oxidation and for thermal oxidation of N2 to formNOx, thereby
lowering post combustion gas temperatures and reducing
rates of NOx formation.
A slight decrease in NOx emissions is observed at low levels
of H2 substitution (<5e10% energy from H2) at all three intake
air boost pressures in Fig. 8. However, any further displace-
ment of diesel fuel results in an increase in exhaust NOx
levels. This can be explained by the following: Diesel fuel
injected into the combustion chamber of a diesel engine can
always be expected to produce significant quantities of NOx
because combustion of the spray takes place around the spray
fringe where the diesel fuel-air equivalence ratio is at an
approximately stoichiometric value. As diesel fuel is pro-
gressively removed and replaced by H2, this high rate of NOx
production from diesel fuel is curtailed. At the same time NOxproduction from H2 is not significant, because at such low
levels of the H2 substitution, the H2-air equivalence ratio is
still not sufficiently high for commensurate NOx production
(or production at the same levels produced by the diesel fuel
for which the H2 had been substituted). Hence a small drop in
exhaust NOx emissions is observed. As the amount of H2 is
increased, it appears that H2 enhances the production of NOx
by further raising the temperatures in the diesel fuel spray
combustion zones. Therefore, it seems that the H2 provides,
locally, additional synergetic heat release and temperature
rise, resulting in extra NOx formation, above NOx emission
levels due to diesel fuel alone at a constant EGR level. This
phenomenon was also observed when co-combusting H2 and
diesel fuel in a naturally aspirated engine [27].
Fig. 9 shows the specific exhaust gas emissions of total
particulate mass (TPM) for three intake air boost pressure-
engine load combinations, at constant percentage re-
ductions in intake O2 and varying percentage energy from H2.
Fig. 9 shows that at 0% energy fromH2 (that is, with only diesel
fuel and no H2 substitution), a substantial increase in exhaust
TPM levels is seen when the reduction in intake O2 concen-
tration is greater than 1%. This is a similar trend to that
observed for exhaust THC emissions (Fig. 7), and is due to the
reduction in O2 availability as a result of displacement of
intake air by N2, resulting in reduced oxidation of soot pre-
cursors in the diesel fuel spray and soot particles already
formed. The decrease in TPM levels as the percentage energy
from H2 is increased is a result of replacing diesel fuel with a
zero-carbon fuel (H2). The decrease in TPM levels is most
apparent for the highest level of percentage O2 reduction of 3%
at all three intake air boost pressure-engine load combina-
tions, for example at 1.99 bar intake air pressure and 3% intake
O2 reduction, a 50% drop in TPM level is observed at 15%
Fig. 8 e Specific emissions of oxides of nitrogen (NOx) for three intake air boost-engine load combinations, at constant
percentage reductions in intake O2 and varying percentage energy from H2.
Fig. 9 e Specific emissions of total particulate mass for three intake air boost-engine load combinations, at constant
percentage reductions in intake O2 and varying percentage energy from H2.
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magnitude also occur at other percentage O2 reduction levels,
for example, at 1.33 bar intake air pressure and 2% intake O2
reduction, a 75% drop in TPM level is observed at 15% energy
fromH2. However, at the 1.33 bar intake air pressure condition
and no EGR (that is, only H2), an increase in TPM is observed
when the percentage energy fromH2 increases from 0% to 5%.
Further increase in H2 energy up to 30% does not result in a
significant change in TPM, but beyond 30% the TPM level againincreases. Barring the increase in TPM at low % H2 energy
levels, the increase in TPM at high H2 levels can be attributed
to an effective reduction in intake O2 due displacement by the
aspirated H2 [17,35,36].
Fig. 10aec shows the size distribution of the number of
particulates in the engine exhaust gas from tests conducted
in this study for the three intake air pressure-engine load
combinations, respectively, with various percentage reduc-
tion in intake O2 and varying percentage energy from H2.
Fig. 10 e Particulate number distribution for (a) 1.33 bar intake air pressure e 8.5 bar IMEP engine load, (b) 1.67 bar intake air
pressure e 10 bar IMEP engine load, at various percentage reduction in intake O2 and varying percentage energy from H2
and (c): Particulate number distribution for 1.99 bar intake air pressure e 11.5 bar IMEP engine load, at various percentage
reduction in intake O2 and varying percentage energy from H2.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 6 3 6 9e6 3 8 36378Fig. 11 shows a typical size distribution of diesel engine
exhaust particles, both in terms of number of particles and
total mass of particles, where particles have been divided
into categories based on their diameters [47]. It can be seen
from Fig. 11 that the bulk of the diesel engine particulates
have diameters significantly lower than 1 mm and represent a
mix of fine (Dp < 2.5 mm, PM2.5), ultrafine (Dp < 0.1 mm) and
nanoparticles.
First, considering the effect of decreasing the amount of
intake O2 on the size distribution of the number of particu-
lates, it can be seen from both Fig. 10a and b that as the O2
level is decreased, the number of particles tends to increase
significantly across the entire range of diameters
(0.05e0.2 mm). As discussed previously (Fig. 9), this increase inthe number of particles is due to the increasingly severe un-
availability of O2 (as it is displaced in the intake by the N2) for
diesel fuel combustion, which results in reduced rates of soot
oxidation. The effect of decreasing the amount of intake O2 on
the particle distribution is not as evident at the highest intake
boost-engine load combination of 1.99 bar boost-11.5 bar IMEP
(Fig. 10c), apart from an increase in the number of particles of
diameters ranging between 0.1 mm and 0.2 mm at the 3% O2
reduction level. Since these particles are on the large end of
the particle size spectrum, they account for most of the total
particulate mass despite being fewer in number. This is the
reason for the significant increase in total particulate mass
emissions observed in Fig. 9c when the O2 reduction level is
increased to 3%.
Fig. 10 e (continued)
Fig. 11 e Typical size distribution of diesel exhaust
particulates [47].
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reduction level, it can be observed from Fig. 10a and b that the
number of particles reduces as the percentage energy from H2
is increased. The reduction primarily occurs for particles of
diameters ranging between 0.05 mm and 0.2 mmwhich, as can
be seen from Fig. 11, lie in the fine and ultrafine particle size
range. The fine and ultrafine particles pose a serious health
risk, as they can penetrate deeper into the lungs (as compared
to particles in the PM10 size range) resulting in an increasedrisk of lung cancer, and cardiovascular and breathing disor-
ders [48]. Hence, a reduction in the fine and ultrafine particles
due to H2 substitution could potentially be quite beneficial in
diminishing the health hazards associated with particulates.
As the percentage energy from H2 is increased above 22% in
Fig. 10a(i), a considerable increase in particulates of diameter
lower than 0.02 mm is observed.
At the highest intake boost-engine load combination of
1.99 bar boost-11.5 bar IMEP (Fig. 10c), the effect of H2 is not
very distinct except at the 3% O2 reduction level, where H2
substitution results in the reduction of particles with di-
ameters above 0.1 mm. As discussed before, since these large
particles make up the majority of the total particulate mass,
any reduction in the number of these large particles also re-
sults in a significant reduction in the total particulate mass
(Fig. 9).Indicated thermal efficiency
Fig. 12 shows the indicated thermal efficiency for the three
intake air boost pressure-engine load combinations, at con-
stant percentage reductions in intake O2 and varying per-
centage energy from H2. The amount of unburned H2, not
undergoing combustion and persisting to the exhaust, was
taken into consideration when calculating the indicated
thermal efficiency (following the preliminary exhaust H2
measurement tests). It should be noted that in order to pres-
surise the intake air a supercharger was used which was, in
effect, partially driving the engine. Additionally, in normal
diesel engines the presence of the turbocharger in the exhaust
manifold creates a back pressure, which was not the chase in
this research engine. Therefore, preliminary calculations have
shown that the thermal efficiency values shown here are
slightly highere by about 1.5e2% at the highest engine load of
1.99 bar IMEP.
Considering Fig. 12a (1.33 bar boost, 8.5 bar IMEP), it can be
observed, at all three intake O2 reduction levels, that the
thermal efficiency initially decreases and then increases as
the percentage energy from H2 is increased. The initial
decrease can be attributed to a lean H2-air mixture displacing
diesel fuel (which burns near-stoichiometric); this lean H2-air
mixture has slow flame propagation speeds and hence results
Fig. 12 e Duration of ignition delay for three intake air boost-engine load combinations, at constant percentage reductions in
intake O2 and varying percentage energy from H2.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 6 3 6 9e6 3 8 36380in a drop in thermal efficiency. As the mixture becomes less
lean (at high H2 substitution levels), the post-combustion in-
cylinder temperatures increase resulting in an increase in
thermal efficiency. Similar trends can also be observed at the
other engine loads of 1.67 bar and 1.99 bar IMEP. Now
considering the effect of increasing intake air boost pressure,
it can be observed from Fig. 12 that thermal efficiency in-
creases as the boost pressure is increased. This is expected, as
increasing the boost pressure effectively increases the
compression ratio inside the cylinder, resulting in higher
pressures and temperatures at the end of the compression
stroke.Fig. 13 e Specific emissions of (a) NOx and total particulate
mass and (b) NOx and CO2 for constant intake air pressure
e engine load combinations and varying % energy from H2,
at an intake O2 reduction level of 1%.Optimum H2 operating window based on exhaust gas
emissions results
Fig. 13a shows the specific emissions of NOx and particulate
mass for the three intake air boost pressure-engine load
combinations, at a constant 1% intake O2 reduction level and
varying percentage energy from H2. The 1% intake O2 reduc-
tion level was chosen since the exhaust emission results
demonstrated any further reductions in the intake O2 con-
centration resulted in an increase in exhaust unburned hy-
drocarbon emissions, which is undesirable. It can be observed
from Fig. 13a that NOx exhaust emissions increase when the
percentage energy from H2 increases above 10%, however,
below the 10% H2 level NOx emissions do not vary signifi-
cantly. Therefore, based on Fig. 13a, it can be suggested that
the use of H2 would be favourable below a level of about 10%
energy from H2 (as shown inside the broken line rectangle on
Fig. 13a), where there is no concurrent increase in NOx emis-
sions. Additionally, the greatest particulate reduction benefit
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 6 3 6 9e6 3 8 3 6381is obtained for the lowest intake air boost pressure-engine
load combination (1.33 bar boost, 8.5 bar IMEP), where a 50%
reduction in the specific emissions of total particulate mass
can observed at the 10%H2 energy contribution level (Fig. 13a).
Similarly, Fig. 13b shows the benefit of H2 in terms of CO2
reduction whereby significant reductions in CO2 can be ob-
tained without an increase in NOx emissions.Conclusions
1. An increase in peak heat release rates was observed as the
percentage energy being supplied to the engine from H2
was increased. This was attributed to the extra heat release
during H2 premixed combustion and higher adiabatic
flame temperatures of H2 relative to diesel fuel.
2. Decreasing intake O2 concentration by more than 1%
resulted in an increase in the unburned hydrocarbon
emissions due to O2 unavailability for diesel fuel oxidation.
No influence of H2 on unburned hydrocarbon emissions
was observed.
3. Specific emissions of NOx were observed to increase but
only when the energy contribution from H2 was increased
above the 10% level. This increase in NOx emissions was
attributed to H2-diesel co-combustion resulting in higher
in-cylinder temperatures relative to diesel fuel-only
combustion.
4. Significant reductions in the total particulate mass were
observed with increasing percentage energy from H2 espe-
cially at high percentage O2 reduction levels. For example,
at the 1.33 bar intake air pressuree 8.5 bar IMEP engine load
combination, and 2% intake O2 reduction, a 75% drop in
particulate mass is observed at 15% energy from H2.
5. A reduction in the number of particles of diameter between
0.05 and 0.2 mm (in the range of fine and ultrafine particles)
was observed with increasing percentage energy from H2,
specifically at the low (1.33 bar) and intermediate (1.67 bar)
intake air boost levels.
6. Based on the exhaust emission results, it was suggested
that H2 can reduce CO2 and particulate emissions with no
concurrent increase in NOx emissions when the energy
contribution from H2 is below the 10% level, at an EGR
equivalent of 1% reduction in intake O2 concentration for
all the intake air boost pressures e engine loads combi-
nations tested in this study.
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Nomenclature
ATDC after-top-dead-centre
BTDC before-top-dead-centre
CAD crank angle degreeCI compression ignition
CO carbon monoxide
CO2 carbon dioxide
EGR exhaust gas recirculation
H2 hydrogen
IMEP indicated mean effective pressures
NOx nitrogen oxides
O2 oxygen
PM particulate mass
ppr pulses per revolution
rpm revolutions per minute
SOC start of combustion
SOI start of injection
TDC top-dead-centre
THC total hydrocarbonsr e f e r e n c e s
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